SUMMARY This study was performed to determine whether, in hypertensive and normotensive rats, chronic sympathetic denervation impairs cerebral vasodilator responses during hypotension, and to determine whether there are regional differences in the autoregulatory response of brain vessels during hypotension. The superior cervical ganglion was removed on one side in stroke-prone spontaneously hypertensive rats (SHRSP) and normotensive (WKY) rats. Cerebral blood flow (CBF) was measured with microspheres when the rats were 5-6 months old. Chronic sympathetic denervation had little or no effect on cerebral vasodilator responses during acute hypotension in SHRSP and WKY. We suggest that the increase in incidence of ischemic infarction that we have observed previously after chronic sympathetic denervation in SHRSP probably is not the result of ischemia during episodes of hypotension. We also observed major regional differences in the response of cerebral vessels during acute hypotension in SHRSP: blood flow to brainstem was preserved better than flow to cerebrum and cerebellum. Thus the "lower limit" of the autoregulatory plateau differs in various regions of the brain in SHRSP.
and increases the incidence of cerebral hemorrhage and ischemic infarction. 2 Chronic sympathetic denervation also impairs the cerebral vasoconstrictor response to increases in arterial pressure. 3 It seems likely that impairment of the cerebral vasoconstrictor response during increases in pressure may be an important mechanism by which sympathetic denervation results in cerebral hemorrhage in SHRSP.
Hemodynamic mechanisms by which sympathetic denervation leads to ischemic infarction in SHRSP are not clear. One possibility is that sympathetic denervation impairs autoregulatory cerebral vasodilatation during hypotension and thereby leads to ischemia. In the rabbit ear artery, vessels are less distensible after chronic sympathetic denervation. 4 In SHRSP, cerebral vasodilator responses to seizures are not increased after sympathetic denervation 3 despite a reduction in wall/lumen ratio. This finding suggests that sympathetic denervation may decrease the compliance of cerebral vessels and impair dilator responses. Thus, the first goal of this study was to determine whether chronic sympathetic denervation impairs cerebral vasodilator responses during hypotension, and thus might be a mechanism by which sympathetic denervation leads to ischemic infarction in SHRSP.
The pressure-flow relationship of cerebral vessels is shifted to the right in chronic hypertension. [5] [6] [7] [8] [9] Thus, the "lower limit" of autoregulation is increased in chronic hypertension, so that reduction in pressure to levels that do not decrease cerebral blood flow (CBF) in normotensive patients results in decreases in CBF in hypertensives. Because total CBF was measured in previous studies, it is not known whether there are regional differences in the pressure-flow relationship.
In previous studies we have demonstrated regional differences in the response to decreases in cerebral perfusion pressure in normotensive dogs 10 and rabbits. 11 We found that hypotension redistributes CBF, so that blood flow to brainstem is maintained better than flow to cerebrum or cerebellum. Thus, the second goal of this study was to determine whether there are regional differences in the autoregulatory response to hypotension in SHRSP.
Methods
We studied nine SHRSP and eight WKY that were fed American rat chow and 1 % saline drinking water. When the rats were one month old, they were anesthetized with pentobarbital (3 mg/100 g, i.p.). The superior cervical ganglion was removed on one side. On the other side the ganglion was exposed but not removed.
The rats were studied at five to six months of age. The SHRSP weighed 251 ± 13 gm and the WKY weighed 302 ± 6 gm. The rats were anesthetized with pentobarbital (4 mg/100 gm, i.p.), intubated and ventilated with room air and supplemental oxygen. Heparin (500 U/kg, i.v.) and gallamine triethiodide (2 mg/kg, i.v.) were administered for anticoagulation and skeletal muscle paralysis, respectively. Body temperature was controlled with a heating pad.
After a left thoracotomy, a flanged PE 10 cannula was placed in the left atrium for injection of microspheres. Polyethylene catheters were inserted into both brachial arteries for withdrawal of reference blood samples. A femoral artery was cannulated for continuous measurement of arterial pressure. Ce allowed us to make three separate measurements of CBF in each rat. The vials containing microspheres were shaken vigorously for several minutes on a Vortex mixer prior to injection. We injected approximately 10 5 microspheres into the left atrium in 10-15 seconds and flushed the injection line with 0.1 ml of warmed saline. Beginning 10 seconds before injection of microspheres and continuing for 60 seconds afterwards, reference arterial blood samples were withdrawn with a Harvard pump at 0.206 ml/min.
After injection of microspheres under control conditions, we withdrew blood from the femoral arterial cannula to decrease arterial pressure by approximately 1 mmHg/sec. When arterial pressure was approximately 70% of the initial value, pressure was maintained constant for about 10 seconds before a second batch of microspheres was injected. Arterial pressure was maintained constant for 4-6 minutes, and then reduced to approximately 50% of the initial value. After about 10 seconds, microspheres were injected for a third measurement of CBF.
At the end of each experiment, the rat was killed with intravenous KC1. The brain was cut into eight samples: right and left brainstem, cerebellum, anterior cerebrum (frontal and parietal cortex) and posterior cerebrum. We obtained and examined separately tissue samples from the anterior cerebrum because sympathetic innervation appears to be particularly dense in this region.
12 The brain samples weighed 0.1 to 0.5 gm. The tissues were placed in plastic tubes and counted in a gamma counter. Cerebral blood flow was calculated from the equation: CBF = C B x 100 X RBF -f-C R , where CBF = cerebral blood flow in ml/min per 100 gm, C B = counts per gm of brain, RBF = reference blood flow in ml/min, and C R = total counts in the reference arterial blood samples.
We have estimated the number of spheres in each tissue sample. Based on the assumption that cardiac index = 250 ml/min x kg in rats, 13 we estimate that the brain receives 2,000 spheres under control conditions. We estimate that the number of spheres per region (left and right anterior and posterior cerebrum, cerebellum, and brainstem) is 100-750. We estimate that the upper 95% confidence limit, based on 100 to 750 spheres/region, is 10-30%.
14 The number of counts for each sample was approximately 400-6,000, so that the maximum statistical error based on counts/ v/ioO 76000 samples = _ to --= 1-5%. 400 6000 Statistical analysis was performed with the t-test for paired data, to compare blood flow to the innervated and denervated hemispheres. We used analysis of variance and Tukey's test 15 to compare blood flow to brainstem, cerebrum, and cerebellum during hypotension.
Results

Effects of Hypotension in SHRSP
Autoregulatory dilatation of cerebral vessels during hypotension was impaired in SHRSP (table 1) . Reduction of mean arterial pressure to 140 mmHg produced only a small decrease in cerebral vascular resistance with a significant reduction in CBF. Further reduction of arterial pressure to 109 mmHg tended to increase cerebral vascular resistance, presumably from passive collapse of the vessels, with a further reduction in CBF. Blood flow was not significantly different in the innervated and denervated sides in any area of the brain. Thus, sympathetic denervation did not alter the response to hypotension in SHRSP.
There were regional differences in the cerebral vascular response to hypotension (table 1 and fig. 1 ). Hypotension produced larger reductions in blood flow to cerebrum and cerebellum than to the brainstem in SHRSP (p < 0.05).
Effects of Hypotension in WKY
In contrast to the response of SHRSP, reduction of arterial pressure by 30% in WKY produced a large decrease in cerebral vascular resistance with maintenance of normal levels of CBF (table 2) . Thus, reduction of arterial pressure to 140 mmHg decreased CBF in SHRSP (table 1) but reduction of pressure to 75 mmHg in WKY did not decrease CBF in WKY (table  2) . Further reduction of arterial pressure to 48 mmHg in WKY did not produce a further decrease in cerebral vascular resistance and, as a result, CBF decreased.
Blood flow was not significantly different in the innervated and denervated sides in any area of the brain (table 2) . Thus, sympathetic denervation did not alter the response to hypotension in WKY.
During hypotension in WKY, blood flow tended to be better preserved to brainstem than to cerebrum or brainstem ( fig. 1 ), but there were no statistically significant differences (p = 0.07).
Discussion
There are two major new findings in this study. First, chronic sympathetic denervation in SHRSP has little or no effect on cerebral vasodilator responses during acute hypotension. Thus, the increase in incidence of ischemic infarction after chronic sympathetic denervation in SHRSP probably is not the result of ischemia during episodes of hypotension. Second, there are important regional differences in the autoregulatory response of cerebral vessels in SHRSP during acute hypotension: blood flow to brainstem is preserved better than flow to cerebrum and cerebellum. Thus the "lower limit" of autoregulation differs in various regions of the brain in SHRSP.
In this section we will focus on 1) effects of sympathetic nerves on cerebral vessels and 2) regulation of CBF in chronic hypertension.
Effects of Sympathetic Nerves on Cerebral Vessels
Electrical stimulation of sympathetic pathways appears to have little effect on CBF during normotension. 16 Recently we have obtained direct evidence that sympathetic stimulation increases resistance of large arteries, but resistance of distal vessels either tends to decrease or decreases significantly; 17 thus, total cerebral vascular resistance remains unchanged during sympathetic stimulation. In contrast, numerous studies 18 " 21 indicate that, during acute increases in arterial pressure, sympathetic stimulation constricts cerebral vessels, attenuates increases in CBF, and protects the blood-brain barrier against disruption.
Sympathetic denervation has minimal effect on CBF under normal conditions. observed to have small effects 22,23 or no effect 10,24 on CBF during hypotension. Thus, the role of sympathetic tone in cerebral vascular responses to hypotension appears to be small. Sympathetic denervation at one month 1,2 but not at three months 3 of age inhibits development of cerebral vascular hypertrophy in SHRSP. Thus, sympathetic nerves appear to exert a "trophic" effect on cerebral vessels, during their rapid period of growth, which promotes the development of vascular hypertrophy. This trophic effect of sympathetic nerves apparently contributes to augmented vasoconstrictor responses of cerebral vessels during acute increases in arterial pressure. 3 The present study indicates that, although chronic sympathetic denervation alters cerebral vasoconstrictor responses to acute increases in arterial pressure, cerebral vasodilator responses to acute decreases in pressure are unchanged.
We would like to speculate about possible mechanisms by which sympathetic denervation leads to ischemic infarction in SHRSP. First, it is unlikely that thrombi or emboli account for this effect. We are not aware of evidence that sympathetic denervation predisposes to thrombosis and, in our experience, thrombi are common but small in ischemic infarction of SHRSP.
2 Second, because the "lower limits" of the autoregulatory plateau are shifted to a higher pressure in chronic hypertension, SHRSP presumably have increased susceptibility to ischemic infarction during episodes of hypotension. Data in the present study, however, indicate that sympathetic denervation does not impair the cerebral autoregulatory responses during hypotension. We suggest, therefore, that ischemic infarction after sympathetic denervation in SHRSP probably is not produced by episodes of hypotension. Third, we suggests that ischemic infarction after sympathetic denervation may be related to impaired cerebral vasoconstrictor responses to acute increases in arterial pressure. Cerebral autoregulatory responses to increases in pressure are impaired by chronic sympathetic denervation in SHRSP. 3 It is possible that acute increases in pressure produce passive dilatation in chronically denervated cerebral vessels, disruption of the blood-brain barrier, and that disruption of the barrier leads to ischemia and infarction. This hypothesis about the pathogenesis of ischemic infarction has been proposed previously by other investigators and, we should point out, is not yet supported by direct evidence.
Regulation of CBF in Chronic Hypertension
These experiments were performed in anesthetized rats because measurement of CBF with microspheres in unanesthetized rats requires cannulation and ligation of a carotid artery. We considered the possibility that the use of anesthesia in these experiments might contribute to differences in the pressure-flow relationship in SHRSP and WKY. Resting blood flow was similar in the two groups, however, which suggests that the level of anesthesia was similar. In addition, we have demonstrated previously normal autoregulatory responses of cerebral vessels during increases in arterial pressure in anesthetized rats. 3 This study confirms numerous previous studies which indicate that the pressure-flow relationship of cerebral vessels is shifted by chronic hypertension. [5] [6] [7] [8] [9] We found normal levels of CBF when mean arterial pressure was reduced to 75 mmHg in normotensive rats. In contrast, when mean arterial pressure was reduced to 140 mmHg in SHRSP, CBF decreased. Thus, the "lower limit" of autoregulation is shifted by more than 70 mmHg in SHRSP.
A new finding in this study was that blood flow during acute hypotension was significantly greater in brainstem than in cerebrum or cerebellum of SHRSP. These regional differences in vascular responses presumably protect the brainstem during hypotension. Mechanisms that account for regional differences in cerebral vascular responses to hypotension are not clear. We are not aware of studies that have compared structural properties of vessels in the brainstem, cerebrum, and cerebellum, or studies that have compared myogenic properties of vessels from different regions in vitro. A recent study indicates that glucose utilization increases in several areas of the brainstem, but not cerebrum or cerebellum, during acute hypotension. 25 Thus, the higher levels of blood flow to brainstem than to cerebrum and cerebellum during hypotension may reflect increases in metabolism in the brainstem, rather than a more effective autoregulatory response to changes in arterial pressure. ALTHOUGH THE PHENOMENON of cerebral vasospasm following the rupture of an aneurysm is well recognized and has been described in many publications, there have been few studies on the mechanical properties of arterial walls subjected to subarachnoid hemorrhage (SAH). There is a controversy as to whether the contractile response of a spastic arterial wall to vasoconstrictors increases as compared to a normal wall. 1, 2 While it has been demonstrated in the intracranial and extracranial arteries that the change in connective tissue contents (collagen and elastin) produced in the processes of aging and systemic hypertension alters the contractility of walls, 3, 4 there is little information on the correlation that may exist between the connective tissue contents and the contractility of arterial walls subjected to SAH.
In a previous paper, we demonstrated that the vasospasm is attributable to the constriction of vascular smooth muscle and hence is reversible, and that the passive mechanical properties of vascular walls observed under the relaxed condition of the smooth musExperimental Cerebral Vasospasm. Part 2.
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